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Abstract 
In our ZF P+SR studies of the spin-dependent response to the polarized conduction electrons produced by circularly polarized 
830 nm laser light in a semi-metallic and strain-free n-type GaAs (3×1016 cm-3 Si), among possible states of positive muon, 
Muí (P+eíeí) had been found to take a spin-dependent exchange scattering, while muonium (Mu0) at bond-center was found to 
be insensitive. In order to understand this surprising spin-dependent Muí response, the LF (up to 0.4 T)P+SR studies were 
carried out and data is suggesting a contribution of bound electron(s) of Muí. Possible mechanisms of the Muí response are 
given.  
 
Keywords; Laser PSR; Spintronics; spin exchange scattering; Muonium minus; LF decoupling 
1. Introduction 
In the research field of spintronics, monitoring of the conduction electron spin polarization (CESP) in 
semiconductors is the central subject to be studied. For this purpose, a spin-dependent exchange scattering of a 
polarized electron in ortho muonium (ortho-Mu, P+eí, with the spins aligned in the same direction) has been 
proposed to detect the conduction electron spin polarization (CESP) in semiconductors [1]. A feasibility study of 
this muon method was carried out in strain-free n-type GaAs containing 3×1016 cm-3 Si by measuring the change 
in the P+ spin polarization against a change in the polarization direction of the CESP under zero field (ZF) [2]. 
The CESP was induced by circularly polarized (CP) 830 nm lasers. There, surprisingly, spin-dependent response 
of the Muí (P+eíeí, a bound state of P+ containing two singlet electrons) was discovered. Preliminary 
 
* Corresponding author. Tel.:0-81-552-20-8681; fax:0-81-552-20-8682 
E-mail address: et@yamanashi.ac.jp. 
Available online at www.sciencedirect.com
Open access under CC BY-NC-ND license.
232   K. Yokoyama et al. /  Physics Procedia  30 ( 2012 )  231 – 234 
0 1 2 3 4 5 6 7 8
0
1
2
3
4
5
6
7
'
AP
'
P
la
se
r 
pu
ls
e
m
uo
n 
po
la
riz
at
io
n 
[%
]
Time [Ps]
experimental data on some longitudinal field (LF) measurements with some incorrect interpretations had been 
reported [3].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The muon states in n-GaAs, before laser irradiation, have been studied [4, 5, 6]. The existence and properties 
of Muí in n- GaAs with ҆ 1016 doping have been known. As summarized in Fig. 1, the P+ in the present n-GaAs 
sample takes the three states which have characteristic polarization recovery against longitudinal fields (LF); Muí 
with Kubo-Toyabe relaxation function, Mu0 at body-centered  site (BC-Mu) with an exponential one and T-Mu0 
without relaxation. 
 In the ZF “Para-Anti” effect [2], which represents CESP effect on the contrary to the “On/Off” effect due to a 
change of conduction electron densiy, the Muí was found to respond to the change of laser CP direction as shown 
in Fig. 2, while the BC-Mu0 is insensitive to the laser irradiation and the T-Mu0 takes a rapid relaxation at ZF due 
to spin-exchange interactions with doped electrons. Average ('P + 'AP) and difference ('P - 'AP) of the circularly 
polarized laser-induced reduction 'P and 'AP correspond to the relative number density and the polarization of 
conduction electrons, respectively. In the Muí response, the characteristics of the CESP was observed which was 
consistent with optical data [7]; 1) the wavelength dependence of both ('P + 'AP) and ('P - 'AP) show a peak at 
around the resonance wavelength reflecting band-gap and 2) laser-power dependence of ('P - 'AP)/ ('P + 'AP) 
(increasing effect for decreasing laser power) reflecting electron correlation effect on CESP. In addition to these 
measurements, we have conducted the reverse timing measurement by producing the CESP before the P+ pulse 
arrival and confirmed essentially no “On-Off” and “Para-Anti” effects, indicating the present method is for the P+ 
to monitor the phenomena both at and after the laser induce CESP introduction. Moreover, the optical Kerr 
measurement was made by our group for the CESP in the sample we used, where consistent laser-power 
dependence was obtained. 
      In the present study, in order to understand the surprising spin-dependent Muí response to the laser-induced 
CESP, the same “Para-Anti” effect measurement was extended under various LF fields. Through the LF effect, 
we are able to study importance of the bound electron effect during the processes of the spin-dependent Muí 
response. 
Fig. 1. The fraction of the asymmetry without lasers 
in LF decoupling of the BC-Mu, T-Mu and a 
diamagnetic Muí component in n-GaAs at 15 K. 
The decomposition was made by assuming Kubo-
Toyabe decoupling for the Muexponential decay 
for the BC-Mu and no time-dependent decay for T-
Mu. 
Fig. 2. Typical PSR time spectrum  in n-GaAs 
(3×1016 cm-3 Si) at 15 K and under ZF with 3 
conditions of 830 nm laser irradiation at 0.8 Ps after 
muon pulse;  “Off” by upper red points with, 
“Para” by blue points and “Anti” by red points. The 
'P and 'AP are the laser-induced reduction in the 
Kubo-Toyabe amplitudes for the parallel (P) and 
anti-parallel (AP) orientations of the optically-
injected CESP, respectively. 
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2. Experimental method 
The present measurement was conducted under various LF (up to 
0.4 T) at Port 2 of the RIKEN-RAL Muon Facility by using a 
pulsed 4-MeV positive muon beam and the 831 nm CP laser light 
under pulse-to-pulse CP control by the Pockel’s cell [2].  As seen 
in Fig. 3, the ending part of the laser transport, a sample box with 
He-flow cryostat was installed. The second laser steering prism was 
placed right at the downstream of the muon beam so that the laser 
light is injected to the rear side of the sample through fused-quartz 
window. Sample was placed in a strain-free manner in a specially 
designed sample holder containing He gas. Laser power was 
carefully maintained at 0.17 mJ. The laser pulses produced from 
OPO (Continuum Panther EX OPO) pumped by Nd:YAG Laser 
(Continuum Powerlite 9025) were incident on every other muon 
pulse at 25 Hz, to arrive at 0.8 ȝs after the muon pulse.  The helicity 
of the incident light was alternated every other laser pulse using a 
Pockels cell. The overall stability of the laser power between “R” 
and “L” was found to be below 0.1 %. 
3. Experimental result 
The result for the n-GaAs at 15K is seen in Fig. 4. In addition, by analyzing PSR time spectrum at each LF 
point, the following observations have been made.1) Both the BC-Mu0 with exponential relaxation and the T-Mu0 
with characteristic LF decoupling patterns (Fig. 1) do not take any changes against laser irradiation in neither 
“On-Off” nor “Para-Anti” effects. Thus, insensitive nature of both BC-Mu0 and T-Mu0 against lasers is confirmed 
both under ZF and LF. The Muí state only responds to the lasers. 2) Both “On-Off” and “Para-Anti” effects have 
peaks at around 1 kG and tend to disappear above 3 kG. In principle, higher LF, the hyperfine magnetic field(s) 
from the bound electron(s) becomes decoupled so that the polarization change of the bound electron(s) in the Muí 
does not affect P+ polarization, indicating the contribution of the bound electron(s) in the spin dependent Muí 
response. 
  
 
Fig. 3. Schematic view of the arrangement 
around the sample cryostat which was 
placed inside the ARGUS spectrometer at 
Port 2 of the RIKEN-RAL Muon Facility. 
The LF was applied along the muon beam.. 
Fig. 4. The LF effect on 'P and 'AP presented in terms of average and difference. 
The definition of 'P and 'AP is the same as those for Fig. 2. 
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4. Discussion 
Previous investigations have found that the Muí in GaAs is located at a tetrahedral interstitial site in the lattice 
[4], whose electronic state is mostly singlet. Exchange interaction with the ground-state singlet directly should 
not be spin-dependent. Because the local environment is non-centrosymmetric, the electronic states must have an 
admixture of orbital states of the Ga and/or the As coordinates [8] from which both asymmetric and spin-orbit 
coupling must yield some states with triplet character. Fraction of the static admixture of the triplet state should 
be small because the TF spin rotation data can be explained. Thus, the spin-dependent Muí response should be 
explained by dynamical effect through intermediate state; spin-dependent experimental result could be explained 
by an anti-parallel conduction electron exchange scattering with the ground state singlet bound electrons forming, 
as an intermediate state during scattering, an anti-parallel triplet which would enhance muon spin depolarization.  
As shown in Fig. 4, the ('AP – 'P) signal decreases with increasing applied longitudinal B-field, especially for 
B>1.5 kG.  At higher B-field the hyperfine interaction between the spin of the bound electron and the muon is 
decoupled so that exchange interaction with the bound electrons becomes less effective. The observed decoupling 
manner suggests the involvement of the Mu0-like intermediate state in the Muí response.      
5. Conclusion 
The observed LF dependence of the spin-dependent Muí response does clearly suggest a contribution of the 
Mu0-like intermediate state. More advanced theoretical studies are called for. Since the existence of the Muí state 
is generally known in n-type semiconductors, the present result will be powerfully applied to the CESP studies in 
various spintronics related materials. 
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